Abstract. The nanostructure and switching properties of the Al/SrTiO 3-x N y /Al memristors have been investigated. It was found that the formation of stacking faults defects in the perovskite structure during plasma nitridation facilitates resistivity switching in Al/SrTiO 3-x N y /Al memristors. From thermal emission measurements we observed local heating of the Al/SrTiO 3-x Ny anode interface (285ºC) during switching when the interface becomes rectified due to the formation of locally undoped region. A model for resistivity switching and parameters affecting the memristor operation is discussed considering the electromigration theory. The I-V curves are analyzed taking into account the tunnel barrier formations and an inhomogeneous Schottky barrier modification at the anode interface.
Introduction
Memristors attract the attention of scientists for more than 40 years [1, 2] . This device is defined as two terminals in which the magnetic flux, Ф, between two points is a function of the electric charge, q(t), passing through the device. It is characterized by the memristance ) ( / ) ( / ) ,
, where V(t) and I(t) -is the time dependent voltage and current, respectively. The memristance function ) , ( t q M is the analog to the resistance and a simple consequence of the theory is ) , ( t q M = constant, revealing the ohmic behavior. If ) , ( t q M ≠ const, the memristance is a non-trivial function of charge and time.
A memristor can be used for memory applications and is characterized by resistance states, which are stable in time. The resistance states can be read out by low voltages (small charge transport), which do not change the resistance states. However, if the electronic current density becomes too high, the resistance switches. One possible mechanism of resistance switching is ion and/or vacancy migration on the nanometer scale in close vicinity to interfaces [3, 4] . This kind of ion migration is closely related to electromigration studies, where failure analysis of metal contacts (Al, Cu, Au, Pt, Ir) upon decrease of size and increase of current densities [5] [6] [7] were performed. In these studies, the processes of the electromigration is current-induced, thermally assisted, and strongly dependent on the ionic diffusion constants, the electrical resistivity of materials, structure and stress of the materials [8] .
* To whom any correspondence should be addressed. In this paper we summarize the parameters which affect the memristance in Al/SrTiO 3-x N y /Al in order to define a possible improvement of the memristor performance.
Experimental
Commercially available SrTiO 3 (100) single crystals (Crystec) grown by the Verneuil method were microwave plasma treated in a quartz tube with 125 ml/min ammonia flow as described elsewhere [9] . The samples were mechanically polished using diamond paper with a grain size of 0.5 µm in order to avoid any other possible non-perovskite-type contaminations from the topmost surface. The average composition of the samples surface was Sr 0.92 TiO 2.44 N 0.40 , as evaluated by XPS. The chemical stability of the SrTiO 3-x N y samples were examined by thermogravimetric analysis (TGA) in synthetic air (80% N 2 , 20% O 2 ) using a NETZSCH STA 409CD thermobalance coupled with a 409C Aeolos Quadrupole Mass Spectrometer (MS) by a heated quartz capillary with 20 0 Cmin -1 heating rate. TEM analysis of the interfaces was performed in a Philips CM30 microscope. For the resistivity switching measurements, the contacts made of 25µm Al wire and separated by 0.25 mm were bonded on the surface by an ultrasound wirebonder (Delvotek 4250). The current-voltage (I-V) curves were measured by a 2 point method [10] using a Keithley 2602 DC current source operated at constant voltage mode with steps of 100µV/s. The electrical resistance failure analysis was performed by a Hamamatsu Phemos-1000 IRconfocal emission microscope using optical laser beam excitation (1.3 µm) induced resistance change (OBIRCH).
Results and discussions
The TGA results reveal a thermal stability of the samples up to 350 0 C. At higher temperatures (>350 0 C) the back reaction of the oxynitride to the oxide occurs [11] . The samples take up oxygen and release nitrogen resulting in a final composition of stoichiometric SrTiO It shows defects parallel and perpendicular to the surface of the sample. The electron diffraction pattern, inset figure 1, corroborates the existence of defects showing diffuse intensity or streaking along the <001> and <010> directions. The diffuse scattering in the marked directions appears when faults in the stacking sequence of the atomic planes exist. An important feature of the defect nanostructure is the facilitation of electroformation and resistivity switching compared to samples without defects [9] . SrTiO 3-x N y prepared with defects, as a conducting channels, does not require a long/hard electroformation process prior to the first reliable switching [9, 12, 13] . The appearance of the planar defects and their instability at particular I-V conditions can be explained the electromigration theory and the existence of the so called Blech length [14] . According to this theory, conducting samples of shorter Blech length withstand higher current densities in order to start ion migration. For our particular case, assuming that the electron conduction presumably occurs through defects (see for example Fe-doped SrTiO 3 [15] ), samples with stacking faults do not sustain the current and facilitate reversible migration. In the opposite case, samples with small density of defects, or short length defects will be stable for similar currents. It has been shown that SrTiO 3-x N y exhibits a metallic like conductivity and a comparatively low resistance (less than 1 Ohm) [16] , while the interface resistances between metal contact/SrTiO 3-x N y are two orders of magnitude higher (100 Ohm) which suggests a possible formation of Schottky barriers at the interfaces. In order to study these interfaces prior to electroforming, Al/SrTiO 3-x N y /Al was examined by the OBIRCH methods using low current densities which do not change the linear I-V characteristics obtained by 2 point measurements.
Distance between Al contacts, µm The OBIRCH method uses simultaneously two processes: a fast laser beam excitation of the lateral surface of the SrTiO 3-x N y area, and the detection of the resistance changes at a fixed voltage: [17] . In figure 2a the line profiles of the current change (resistance change) are presented as a function of the distance between the Al contacts with two fixed voltage polarities (+0.05V applied to the right contact and -0.05V applied to the left contact). The observed current changes are similar to those described for Al/n-type Si/Al back-to-back Schottky junctions [17] . Photoexcitated electrons move from the n-doped SrTiO 3-x N y to the Al electrodes [18] . The total current change, 0 > ΔI , which is the sum of the electrical and photoexcitation currents, is induced at the negatively biased electrode while 0 < ΔI is induced at the positively biased electrode (see figure  2b) . The reversal of the polarity [(+) left electrode, (-) right electrode], induces a current change, i.e Summarizing, the positively biased electrode always shows high resistance (high current change) at low I-V conditions similar to Schottky barriers. Thereby, as prepared Al/SrTiO 3-x N y /Al can therefore be considered to be equivalent to back-to-back Schottky diodes.
It is noteworthy that the Schottky barrier at these interfaces consists of inhomogeneous Schottky barriers profiles which is due to the presence of stacking faults defects and a nearly defect-free perovskite structure at the surface of SrTiO 3-x N y [19, 20] . The currents flow through individual patches represented as defects and defect-free regions of various sizes. However, the conductivities and Schottky barrier heights at the stacking fault defects as well as their concentrations and distributions requires further studies in order to apply a model (for example Tung's model [19] ) to describe the electric current through the metal-semiconductor interfaces.
Memristance, according to Ref. [3] , can be described by )
, where R HRS , R LRS -are the resistance values in the high resistance (HRS) and low resistance states (LRS), respectively, while µ V is the ion mobility, q(t) is the electrical charge passing through the memristor, and D is the size of the memristor [3] . We would like to emphasize, that in a memristor the changes of the resistance states (LRS, HRS) are localized at the anode interface [9] . High voltages (in our case more than 3V) induce thermal heating by electron current. The local temperature of the anode during the switching process increases to 285 0 C, as detected by the IR camera. An increase of the temperature will, according to the memristance function, increase the ion mobility and hence the thickness of the undoped region of the sample,
In the case of ion migration not only the temperature of the environment plays a crucial role during switching, but also the current-induced temperature. A large density of electron current intrinsically heats the anode interface thereby enforcing electromigration [6] . Nevertheless, the highest measured temperature of 285 0 C is lower than the thermo-chemical stability limit of ~350 0 C for SrTiO 3-x N y as it was measured by TGA. To relate the maximum temperature of the memristor switching with the oxidation of SrTiO 3-x N y , a method with a higher sensitivity for the N/O content must be used. We performed four probe measurements in air atmosphere at low voltages while the temperature was increased. During the first heating cycle to 200 0 C, the metallic-like conductivity reveals a steep increase of the resistance. A further increase of the temperature (220 0 C, 320 0 C, and 450 0 C) gradually oxidizes the sample surface which results in an increase of the total resistance and a metal-to-semiconductor transition, in figure 3 . An additional thermal oxidation of the anode during the resistance switching and intrinsic heating to 285 0 C can therefore not be excluded, since all experiments were performed in air. An intrinsic electron heating increases not only the anion electromigration by orders of magnitude [13] but also surface oxidation which could result in a decrease of the memristor reliability in air. In order to test the endurance, write-erase voltage pulses were applied.
The 100µs long pulses of ± 4V are followed by read-out voltages of 0.1V which do not change the stabilities of the HRS and LRS (inset figure 4a) . The R HRS /R LRS ratio decreases from 10 to 5 after 10 3 -10 4 cycles, as shown in figure 4a . The long-term stability of these states was tested first by 5µs long read-out pulses on the initial LRS and in a second measurement on the HRS (see figure 4b) . A negligible degradation of these states after 10 5 sec shows good retention properties of the memristor. However, if we perform experiments in vacuum or in an inert atmosphere a thermal oxidation of the memristor will be prevented and its retention and endurance properties will be improved, since the additional oxidation of the memristor degrades the switching properties [21] . The memristor operation is a complex process involving both ion and electron conductivity and it is still challenging to describe the entire I-V characteristics theoretically. Nevertheless, it is possible to describe the low voltage range of the I-V curve assuming that the current-induced electromigration process at high voltages is completed (or has not yet started). The electric charge carriers, in our case electrons, move through the stable crystal defect nanostructure as displayed in figure 5 . The asprepared Al/SrTiO 3-x N y /Al shows linear I-V curves representing the LRS. In this case the anode interface represented by an Al contact which is bonded to the surface of SrTiO 3-x N y . The gray pattern shown in the in the scheme view of the SrTiO 3-x N y sample (figure 5) represent stacking fault defects which serve as preferential channels for the electronic and ionic transport [9, 15] . Both anode and cathode representations are equal (the cathode is not shown) and the Schottky barrier heights at the interfaces are small (i.e. nearly ohmic contacts) due to the high doping level of SrTiO 3-x N y [16] .
If high voltages (>+3V) are applied to the anode, oxygen/nitrogen migrate to the anode interface along the stacking fault defects to form a highly resistive SrTiO 3-δ :N layer with variable thickness (HRS), as shown in figure 5b. In the HRS the thickness of the undoped layer at the anode interface increases with time [3, 22] due to a higher amount of anions migrating to the anode. This results in a decreasing R HRS with time, as shown in figure 6. A further increase of the voltage to +4.2V increases the R HRS as compared to +3V, which is shown in the inset of figure 7 [9] . Having an overall small Schottky barrier height at the cathode interface, where changes of the resistances are negligible, the Al/SrTiO 3-x N y /Al memristor can be considered as a metal-insulator-semiconductor (MIS) capacitor [18] , where M is the Al anode, I is the nonconducting SrTiO 3-δ :N layer, and S is the SrTiO 3-x N y layer (see figure 5b) . It is known for MIS junctions, that different tunneling mechanisms such as Fowler-Nordheim tunneling, direct tunneling, etc., can occur, depending on the thickness of the oxide layer [18] . This suggests different mechanisms of electronic conductivity through the tunnel barrier in the HRS and the ability to perform as a multibit memory due to the different R HRS values.
In addition, inhomogeneous Schottky barriers have also to be taken into account due to local variations of the barrier potential caused by mobile anions. Both models are based on a thermionic emission model. The forward current consists of thermionic emission current multiplied by additional terms which for simplicity will be neglected. The standard thermionic-emission equation for Schottky barriers at the anode interface, i.e. when the electronic current flows in forward direction, can be 
Conclusions
We have shown that in Al/SrTiO 3-x N y /Al structures the process of electromigration is current-induced and thermally assisted at the SrTiO 3-x N y surface of the anode interface where stacking fault defects can acts as "transport channels" for anions. At a low voltage bias the electrical current density is not high enough to move ions and to induce electromigration, while an increase of voltage forces oxygen/nitrogen to move to the anode interface along these defects. This process is accompanied by a local rise of temperature which facilitates ion diffusion. The excess of O/N formed at the anode interface (low doped SrTiO 3-δ :N layer) is impeding the electron transport (HRS). The electron transport in the HRS and LRS can be described considering the MIS model where a tunnel barrier formation can occur together with inhomogeneous Schottky barrier modifications. Considering both models, a simplified current formula based on the thermomionic emission model is applied and the estimated Schottky barrier height calculated for the HRS is ~0.48 eV, which is in good agreement with theoretically predicted values of ~0.53 eV for the barrier height of SrTiO 3 /Al junctions. A negligible degradation of the resistive states for more than 10 5 sec suggests good retention properties of the Al/SrTiO 3-x N y memristor. The ratio between high resistance and low resistance states is typically in the range of 10 to 5 and starts to decrease after 10 4 cycles. However, a local heating of the anode interface up to 285 0 C can induce oxidation in air which reduces the lifetime of the memristor. Further studies have to be performed to understand and control the properties of the memristors at various oxygen/nitrogen partial pressures. The model of resistance switching and equivalent circuit representation needs to be validated by further studies on controllable nano-engineering of defects with known concentrations, determination of conduction paths, and on the distribution of local barrier heights during memristor operation.
